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Basal Melt Beneath Whillans Ice Stream and Ice Streams A and C
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We have used a recently derived map of the velocity of Whillans Ice Stream and Ice Streams A
and C to help estimate basal melt. Temperature was modeled with a simple vertical advection-dif-
fusion equation, “tuned” to match temperature profiles. We find that most of the melt occurs
beneath the tributaries where larger basal shear stresses and thicker ice favors greater melt (e.g.,
10-20 mm/yr). The occurrence of basal freezing is predicted beneath much of the ice plains of Ice
Stream C and Whillans Ice Stream. Modelled melt rates for when Ice Stream C was active suggest
there was just enough melt water generated in its tributaries to balance basal freezing on its ice
plain. Net basal melt for Whillans Ice Stream is positive due to smaller basal temperature gradi-
ents. Modelled temperatures on Whillans Ice Stream, however, were constrained by a single tem-
perature profile at UpB. Basal temperature gradients for Whillans B1 and Ice Stream A may have
conditions more similar to those beneath Ice Streams C and D, in which case, there may not be
sufficient melt to sustain motion. This would be consistent with the steady deceleration of Whil-
lans stream over the last few decades.

Topics Ice Streams (3) and Basal boundary conditions (4).
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Introduction

Fast motion of Whillans Ice Stream is enabled by a several-meter thick layer of water-saturated
dilatant till [Blankenship and others 1987; Alley and others 1987]. Similar basal conditions are
likely responsible for the fast motion of Ice Stream C when it was active [Atre and Bentley,1993].
Whether a viscous deforming till [Alley and others, 1987; Kamb 2001] or a weak plastic bed
[Kamb, 1991; Tulaczyk and others, 2000ab] is responsible for the motion, water is an essential

ingredient for the fast flow of these ice streams.

Early estimates predicted high (~20 mm/yr) basal melt beneath the Ross Ice Streams [Rose, 1979;
Shabtaie and Bentley, 1987]. Since then several studies [Whillans and others, 2001] have shown
that ice stream shear margins can support much of the driving stress and there is significantly less
basal shear heating with which to melt ice [Raymond, 2000]. Studies investigating the heat bal-

ance of ice stream have found that, at least in some well lubricated areas, it is difficult to sustain
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catchments provide sufficient melt water to sustain motion [Parizek and Alley, 2001].

Ice stream C stopped about 150 years ago [Retzlaff and Bentley, 1993] and Whillans Ice Stream
has undergone substantial deceleration over the last few decades [Whillans and others 2001,
Joughin and others, in press]. This deceleration has caused Whillans Ice Stream to go from having
a significantly negative mass balance to the point where it is presently close to balance [Joughin
and Tulaczyk, 2002]. Extrapolation of the recent deceleration rates suggests the ice stream could
stop within 70-80 years. Understanding the shutdown of Ice Stream C and the future behavior of
Whillans Ice Stream depends on improving our knowledge of basal melt/freeze conditions

beneath these ice streams.
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Recent advances in interferometric synthetic aperture radar (InSAR) have allowed nearly a com-
plete mapping of the Ross Ice Streams and their tributaries [Joughin and others, in press]. These
data have revealed an extensive network of tributaries feeding the ice streams [Joughin and oth-
ers, 1999]. With thicker ice and significantly higher basal shear stresses than beneath the ice
streams [Joughin and others, in press], significantly more melting should occur beneath the tribu-
taries than their respective ice streams. The remainder of this paper describes estimates of basal

melt we derived using both the velocity and borehole temperature data.

Melt Rate Estimation and Assumptions

We estimated basal melt rate, m,, using [Paterson, 1994]

G+1,U,-k9,

, (1)
’ LiPice

m

where G is the geothermal heat flux, 7, is the basal shear stress, Uy, is basal speed, k; is the thermal
conductivity for ice, ©, is the basal temperature gradient, L; is the latent heat of fusion, and 0, is
the density of ice. The difficulty in applying this equation is in obtaining estimates of G, ®;, and
basal shear heating, 7,U;,. The remainder of this section describes the assumptions we used in
deriving melt rate estimates.

Geothermal Heat Flux

We used a value of G=70 mW/mz, which is the value that was determined from a borehole at
Siple Dome [HERMANN REF]. This measurement of geothermal heat flux is the closest in loca-

tion to our study area and we have used this value in all our estimates. The sensitivity of our esti-
mates to geothermal heat flux is easily evaluated since a change in G by 10 mW/m? changes m, by

about 1 mm/yr.
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Basal Temperature Gradient

The basal temperature gradient can be calculated easily if the temperature profile within
the ice column is known. There are only a few measured temperature profiles, however, so we are
forced to use a model to estimate @, If we assume only vertical thermal diffusion and advection
with a bed temperature at the pressure melting point, 7},,,,, an analytical steady state solution

[Zotikov, 1986, Equation 4.17] for temperature as a function of depth is given by,

erf(A/O.SPeI%)
T=T,  +(Tq~T, )————,
ST o JO5Pe)

where, T is the surface temperature, H is ice thickness, and z denotes the vertical coordinate (zero

)

at the bed and H at the top). The Peclet number is defined as Pe = 95-1, where a is the surface

accumulation rate and K is the thermal diffusivity of ice.

Temperature profiles have been measured on ice streams at the UpB [Engelhardt and Kamb,
1993], UpC [XXX], and UpD [XXX] camps. Additional profiles not on ice streams have been
measured at Byrd Station [Gow and others, 1968], the Unicorn (the ridge separating Whillans
Branch 1 (B1) and Whillans Branch 2 (B2)) [Engelhardt and Kamb, 1993], and at Siple Dome
[HERMANN REF]. We used these measurements to examine the validity Equation (2) for esti-

mating the basal temperature gradient.

We used gridded accumulation data, a;,, [Giovinetto et al., 1990; Giovinetto and Bentley, 1985]
to estimate temperature using Equation (2). For ice thicknesses, we used the BEDMAP data set
[Lythe and others, 2001]. The Unicorn and Siple Dome profiles have frozen beds so that Equation
(2) does not apply. Closed form solutions exist for this case, but we instead used an equivalent

simple numerical model to solve the heat balance equation with vertical advection and diffusion
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for a frozen bed.

Table 1 shows a comparison of the modeled and measured temperature profiles. The Root Mean
Squared (RMS) difference (Table 1, column 4) between the measured and modelled profiles
exceeds 3° in some cases. Plots of the modeled (green) and measured (red *) temperature profiles
at the UpC and UpB camps are shown in Figure 1. At UpC in particular, the model provides a
poor representation of the actual temperature profile, with the model underestimating the basal

temperature gradient by 40% (Table 1, column 6).

If we assume the ice stream geometry and thermal diffusivity are fixed, then the only free param-
eter in equation (2) is the accumulation rate. We adjusted this parameter to obtain an “effective”
accumulation rate, a4 that minimizes the model-data misfit [Joughin and others, in press]. The
results of this experiment are summarized in Table 1 and indicate that the model-data misfit can
be reduced below 1° and in many cases to within a few tenths of a degree. The blue curves in Fig-

ure 1 show the improved agreement using a,z at the UpB and UpC camps.

The value of a,g is more than three times ag;,, for the UpC, UpD, and Unicorn profiles. At Siple
Dome, where conditions are likely the most consistent with the model assumptions, there is only a
small difference between a,gand ag;,,- This means it is unlikely that past changes in accumula-
tion or temperature can explain the cases where the differences are large, since the climate history
should similar at all the borehole sites. Instead, since the UpD and UpC camps are fed by rela-
tively fast flowing (50-100 m/yr) tributaries that originate near the ice divide, rapid horizontal

advection of cold ice from the interior may explain the difference [Joughin and others, in press].

While the a,value improves the fit at UpB, the difference relative to ag;,, is not nearly as large

as for UpC and UpD cases. This may be because the UpB area is fed by relatively slow-moving
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ice drawn from not far upstream so that the temperature profile is more strongly influenced by the
local accumulation rate and temperature [Joughin and others, in press]. It is interesting then that
the greatest difference between g, and ag;,, occurs at the Unicorn borehole, which is located not
far from the UpB camp (see Figure 2). This difference is especially interesting, considering that
the other two boreholes located in slow moving ice (Siple Dome, Byrd) show relatively little dis-
parity between a,zand ag;,,- Recent analysis of ice penetrating radar data, however, suggests that
the ice near the Unicorn borehole was part of Whillans B2 ~190 years ago [Clarke and others,
2000]. Examination of the velocity map [Joughin and others, in press] indicates that the flow in
this region may originate from a ice stream tributary that is distinct from the origin of flow at the
UpB camp. This tributary extends significantly farther inland to near the Transantarctic Moun-
tains and passes through a strong gradient in surface temperature [Fahnestock and Bamber, 2001].
Ice Stream A and Whillans B2 are also fed from tributaries that extend deep inland. Consequently,
the basal temperature gradients on much of the ice plain of Whillans Ice Stream could more

closely resemble those at UpC and UpD than those at UpB.

We computed melt rate estimates for Ice Stream C and Ice Stream A/Whillans Ice Stream sepa-
rately using a fixed accumulation rate for each basin (see basin division Figure 2). The data in
Figure 1 indicate we should obtain a better estimate of ©, using aqfin Equation (2) in rather than
the actual accumulation rates, at least in the fast flow regions in the vicinity of the boreholes. The
data at Byrd Station suggest we would obtain a better estimate of the basal temperature gradient
with ag;,,. This borehole, however, is located on a slower moving area where there is likely to be
little horizontal advection. In the experiments described below we varied the accumulation rate to

determine its impact on melt.
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Basal Shear Heating
Basal velocity, U, and shear stress, T;, are needed to determine basal shear heating in Equation

(1). We have measured surface velocities [Joughin and others, 2001] over much of the study area.
These data provide a good approximation of the basal velocity, since in most cases there is little
vertical shear within the ice column. There are a few gaps in the velocity map that we crudely

filled with a constant similar to that of the surrounding values.

We also generated a rough estimate of the balance velocity for Ice Stream C when it was active.

First, we estimated the constant balance velocity across a profile near the grounding line for esti-

mated flux of ice through the profile of 22.5 km3/yr (Joughin and Tulaczyk, 2002). This yielded a
balance velocity estimate of 387 m/yr, which is similar to the speed of the other Ross ice streams.
Next, we took advantage of the fact that there is relatively little variation in the width of the for-

merly active area of Ice Stream C. This allowed us to compute a very rough estimate of the bal-

each point. Figure 2 shows velocity contours for the resulting estimate. Our goal here was limited
to obtaining representative velocities for use in equation (1) and was not to reconstruct in detail

the former flow field of Ice Stream C.

Force balance estimates that indicate that basal shear stress in the ice stream tributaries resists
~50% of the driving stress [Joughin and others in press]. Based on this observation and to sim-

plify the model, we assumed that 7,=0.51, for the tributaries. An exception was the large tributary

flowing through the Bentley subglacial trough where force balance estimates suggest a factor of
0.85 should be used. On the currently active part of Ice Stream C, force balance estimates indicate

a value of 7, ;.. = 11.6 kPa [Joughin and others, in press]. This value was likely smaller when
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the ice stream was fully active, suggesting less basal shear heating at that time. On the other hand,
speeds were likely greater when the ice stream was active, which would increase basal shear heat-
ing. Lacking more detailed knowledge of conditions at the time of stagnation, we used the current

values of velocity and 7, for the still active portion of the ice stream

On the fast flowing parts (U, > 150 m/yr) of the ice streams we assumed a constant value of T;. In
most experiments we used T,=2 kPa, which is consistent with force balance estimates [Whillans

and van der Veen, 1997] and laboratory measurements [Tulaczyk, 2000a]. In the model and in the
discussion below, 150 m/yr is used as a somewhat arbitrary threshold to distinguish between ice

stream and tributary flow.

Regions with Basal Melt
Equation (2) applies only to the case where the bed is melted. We made the assumption in our esti-

mates that the bed was melted where flow speed was greater than 25 m/yr. For all slower moving
areas, we assumed the bed was frozen with zero melt. This is a good approximation for the catch-
ments of Ice Stream A and Whillans Ice Stream. Some of the deep inland ice in the upper catch-
ment of Ice Stream C could experience some basal melt in regions with speeds of less than 25 m/
yr. We estimate, however, that the basal melt in this region is less than 10% of the melt generated

in the tributaries feeding Ice Stream C.

The black lines in Figure 2 show present day estimates of the catchments divides for each ice
stream (Joughin and Tulaczyk, 2002). The divide estimates indicate that Whillans B2 has captured
some of the drainage from Ice Stream C when it was active. Since we are interested in conditions
when Ice Stream C was active, we have decided to separate melt water production in the Ice

Stream C and Whillans Ice Stream catchments as shown by the white line in Figure 2. This is a
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rough approximation of the former divide and it was designed only to separate melt estimates in

tributaries that used to feed Ice Stream C from those that fed Whillans Ice Stream.

Model Results

We computed melt rates using Equation (1) and the assumptions described above. The results for
Ice Stream A/Whillans Ice Stream are summarized in Table 2 and the results for Ice Stream C are
summarized in Table 3. In each case, we ran an initial experiment (W1, C1) based on our best esti-
mate of the parameters needed to determine melt raté. There is a reasonable amount of uncertainty
in these parameters, so we conducted several additional experiments (W2-W6, C2-C8) to examine

the sensitivity of melt rate estimates to the model parameters.

Our initial experiment (W1) for Ice Stream A and Whillans Ice Stream yielded a net melt rate of
1.9 mm/yr with a 4.8-mm/yr net melt rate for the tributaries and a net freeze-on rate of 1.1 mm/yr
for the ice streams. The spatial pattern of melt for this experiment is shown in Figure 2. Whillans
B1 and B2 are estimated to have only slightly positive melt rates, while on much of the ice plain
basal freeze-on is estimated to occur at rates of 1-2 mm/yr. There is a region near Crary Ice Rise
with freeze-on rates of about 6 mm/yr. In experiment W2, we used a= 0.295 m/yr, which yielded a
net basal freeze-on rate of 1.0 mm/yr. Experiments W3-W5 demonstrate the sensitivity of melt to

basal shear stress. We note that the value of 7,=5 kPa in experiment W5 is unrealistically high for

much of the ice plain since it exceeds the driving stress in some places. In experiment W6 we
evaluated the change a decrease in total melt rate to 1.2 m/yr in response to a 100-m thinning of

the ice sheet with sufficient time to reach a new steady-state temperature profile.

We conducted a similar set of experiments for Ice Stream C (C1-C8). In C1 we used Ao = 0.295

m/yr, which is the value derived from the borehole temperature fits. With this value, the ice stream
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would have had an average melt rate of only 0.3 mm/yr when it was active. Figure 2 indicates that
the freeze-on rates on the active Ice Stream C likely ranged from about 4 to 8 mm/yr. If instead we

use the effective accumulation rate for Whillans Ice Stream (aeﬂ=0.16 m/yr), then the total aver-

age melt rate increases to 3.1 mm/yr in experiment W2. In varying the basal shear stress (C2-C5)
the range of average melt rates varies from 0.0 to 2.1 mm/yr. Thinning the ice stream by 100 m
yields a net freeze-on rate of 0.1 mm/yr. In experiment C7, we reduced the velocity on the for-
merly active portion of Ice Stream C to close to its present day value. This increased the basal
freeze-on rate on the ice stream from 5.7 to 7.1 mm/yr. In experiment C8, we increased the active

ice stream velocity estimate by 50%, which increased the total melt rate by 0.4 mm/yr.

Discussion

Even with considerable variation of the model parameters, our results indicate that, by in large,
melting takes place beneath ice stream tributaries, while low-melt or freeze-on conditions prevail

T7T [ b . J—

7 0 unreal-
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1€ active parts of Whillans Ice Stream and Ice Stream C. Unless we increas

beneath il
istically high levels, the model consistently predicts basal freezing beneath the thin ice of the ice
plains. This indicates that, as suggested earlier by Raymond [2000], import of basal melt from
upstream appears to be a necessary condition to sustain motion on these ice streams. It is not a

sufficient condition, however, since an appropriate drainage network is also required to redistrib-

ute the water from melting to freezing regions.

If ice stream tributaries by virtue of their higher-basal shear stress and thicker ice are the primary
source of water that enables fast ice stream flow, then this raises the issue of what length ice
streams they could support. If grounding lines of Ice Stream C and Whillans Ice Stream were

extended seaward by 10’s of km with similar thickness to their respective ice plains, then the area
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with net basal freeze-on would eventually outcompete the area with net basal melt. The distance
from the meltwater source would also increase, placing additional constraints on the drainage net-
work. Thus, it is likely that some additional basal melt source beyond that of the present day trib-
utaries is necessary to sustain very long paleo ice streams. Multibeam sonar data indicate there
were likely regions of exposed bed rock beneath portions of the Ross paleo ice streams [Anderson

and Shipp, 2000], which perhaps could have provided basal shear heating to enable additional

melt.

Flow speed on Whillans Ice Stream has decreased significantly over the last few decades [Whil-
lans and others, 2001; Joughin and others, in press]. Experiment W1 suggests that presently there
may be sufficient melt to sustain motion, with possible additional melt water from diversion of
water from Ice Stream C [Alley and others, 1994]. The Unicorn temperature data, however, sug-
gest that the temperature gradients for Whillans B1 and Ice Stream A may be closer to those of Ice
Stream C than of Whillans B2. In this case, experiment W2 may better represent conditions
beneath the ice stream. If this is so, then Whillans Ice Stream may well be headed toward com-
plete stagnation within this century as the recent deceleration rates suggest. These results argue
strongly in favour of additional drilling on the ice plain of Whillans Ice Stream to better constrain

temperature estimates there.

The results for Ice Stream C yield average melt rates near zero. This means that the motion of the
ice stream was particularly sensitive to piracy of basal melt water [Alley, 1994]. In our experi-
ments, we have assigned all the melt from the tributary that now appears to have been diverted to
the catchment of Whillans B2 (see flow divides in Figure 2). Diversion of the basal water flow

from this tributary alone would likely have been sufficient to initiate stagnation. On the other
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hand, conditions may have been so close to zero net melt (experiment C1) that stagnation could
also have occurred without resorting to water piracy [Price and others, 2001; Bougamont and oth-

ers, submitted].

Our experiments reveal a strong sensitivity to accumulation rate when only vertical advection and
diffusion are considered in estimating melt rate. Our attempts to use an effective accumulation
rate correct some of the deficiencies in the model, resulting in better melt rate estimates. This is
clearly an artificial effect that compensates for inadequacies in the model and does not suggest
change in accumulation rate. While it appears that temperature estimates are improved, it is not
very satisfying in that it does not explain the inadequacies of the model. We hypothesize that the
model fails because tributary flow is strong enough to significantly depress basal melting through
strong horizontal advection of ice from the interior. More detailed flowline and 3-D ice flow mod-

eling along with more borehole temperature data are required to test this hypothesis.
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Table 1: Comparison of modelled and measured temperature profiles at the borehole locations
shown in Figure 2.

RMS RMS o
. AGiov Aeff misfit for | mjsfit for Oyforagi,, | Opforayy b
Location mm/yrof | mm/yrof | ag; a measured
ice ice o o < (°C/m) (C/m) (°C/m)
C) (°C)
UpB 0.106 16.0 1.25 0.15 0.035 0.041 0.045
UpC 0.100 29.5 3.33 0.72 0.033 0.053 0.054
UpD 0.101 33.0 2.75 0.27 0.032 0.053 0.052
Siple Dome?® | 0.133P 10.0 0.73 0.28 0.037 0.033 0.036
Unicorn? 0.106 42.0 3.74 0.41 0.032 0.058 0.051
Byrd 0.16 22.0 1.4 0.78 0.030 0.035 0.029

a. Numerical model with vertical advection and diffusion used with surface and basal temperature boundary condi-

tions from profile.
b. From a single core measurement [Hamilton, in press].

Table 2: Model results for several experiments on Whillans Ice Stream and Ice

Stream A.
Experi Experiment Parameters Murib Micest "ot
ment mm/yr mm/yr mm/yr
Wi Tb, icest — 2kPa’ Tb, trib = O‘Srd’ 4.8 -1.1 1.9
a=0.16 m/yr

w2 Same as 1 but with a=0.295 m/yr 1.9 -4.1 -1.0
W3 Same as 1 but 7, .., = T, 11.9 -1.1 5.6

w4 Same as 1 but 7, ;.,, = 1kPa, 4.8 -2.3 1.4

W5 Same as 1 but T, ;.,,, = SkPa, 4.6 2.3 3.6

W6 Same as 1 but ice thinned by 100 m | 4.4 -2.1 1.2
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Table 3: Model results for several experiments on Ice Stream C.
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Experim

valarity actimata
yueluvl L)‘ wolllildiv.,.

ent Experiment Parameters My,ip Moy m,,,
Cl Ty icest = 2KkPa, Ty i = 0.5T,, 2.8 -4.9 0.3
Tp, Bentley = 0-8Tgs Ty qerive = 11.0kPa,
a=0.295 m/yr
C2 Same as C1 but with a=0.16 m/yr 5.4 -1.8 3.1
C3 Same as Cl but 7, ;) = Ty, 5.4 -4.9 2.1
Tp, Bentley = Vd
C4 Same as Cl but 7, ;. , = 1kPa, 2.8 -6.0 0.0
C5 Same as Cl but 7, ;.,, = 5SkPa, 2.8 -1.4 1.4
C6 Same as C1 but ice thinned by 100 m 2.5 -5.7 -0.1
C7 Same as C1 but with ~10 m/yr velocity on stag- 2.8 -7.1 -0.4
nant region
C8 Same as 1 but with a 50% increase over balance 2.8 -3.7 0.7
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Figure 1. Modelled (solid lines) and measured (red *) temperature profiles at the
UpB and UpC camps. The green lines show the model result using the measured
accumulation. The blue curves are for the “effective” accumulation rate that mini-
mizes the model/data misfit.
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Figure 2. Estimated melt rate for Ice Streams A and C and Whillans Ice Stream for experiments W1
and C1 (see Table 2 and Table 3). Thick black lines show ice stream catchment divides for present
day geometry (Joughin and Tulaczyk, 2002). White line shows division of basal melt between ice
stream C and Whillans Ice Stream that was used for estimating the individual ice stream estimates
given in Table 2 and Table 3. Thin black lines flow speed contours at intervals of 50 m/yr. High freeze-
on rates in the upper parts of Ice Stream A and Whillans Ice Stream likely reflects erroneously thin ice
where sparse thickness data do not fully resolve thick ice in narrow subglacial valleys. The color bar
saturates at +20 mm/yr, so higher melt rates are possible in limited areas.





